Radioactive ions injected into the decay ring of a Betabeam neutrino facility will constitute a continuous source of decay products distributed around the ring. Secondary ions from beta decays will differ in charge state from the primary ions and will follow widely offmomentum orbits. In the racetrack configuration of the ring, they will be mismatched in the long straights and may acquire large amplitudes, but the great majority of losses will be in the arcs. We describe here a comprehensive model of ion decay, secondary ion tracking, and loss detection, which has been implemented in the tracking and simulation code Accsim. Methods have been developed to accurately follow ion trajectories at large momentum deviations as well as to detect their impact coordinates on vacuum chamber walls and possibly inside magnetic elements.
INTRODUCTION
The Betabeam Decay Ring is the final stage of the accelerator complex comprising the baseline design [1, 2] of the EURISOL Beta Beam Task [3] . He or ½ Ne ions are generated in an ISOL front end, accelerated to 100 GeV/u, and ultimately injected into the racetrack structure of the decay ring, where the decays in the long straight sections give rise to well-collimated neutrino beams. The decay products Li and ½ F, however, are rapidly lost from the ring and have the potential to limit its operation and maintenance.
In the following we outline the path taken to study these secondary-ion losses via Monte Carlo methods, proceeding from tracking simulations to particle-in-matter simulations.
DECAY PROCESS
The multiparticle code Accsim [4] performs the first stage of modelling the histories of ions, from their injec- Table 1 ).
For the purposes of this study we have therefore considered the steady-state operation of the ring after filling or top-up has occurred, when circulating beam distributions are well-defined. We begin by macroparticle sampling from the phase space of the estimated ion distributions [6] . At the same time an additional coordinate, the ion lifetime, is sampled. Tracking is done by element transfer maps, so actual decays are detected via a master clock updated at the end of transport through each element, and then backtracked (by splitting the element transfer map) to the actual decay point inside the element. This allows the precise determination of initial conditions for each secondary ion.
CHROMATIC AND GEOMETRIC EFFECTS
The extreme mismatch of the secondary ion rigidity to the decay ring bending strength is beyond the reach of the usual fast-tracking mechanisms (e.g. matrix or thinlens maps) which are intended to deal with small deviations from the nominal ion trajectory. Relative to the reference orbit of the tracking formalism, the secondary ions are equivalent to particles that are off-momentum by 10-30% (see Table 1 ). As a simpler and much faster alternative to direct integration by ray-tracing or high-order map extractionà la COSY [5] , we have employed "matrix scaling" techniques to calculate transfer maps for ions of arbitrary large momentum deviation.
For quadrupole fields we recompute the transfer matrix for each particle by scaling the focusing strength Ã ½ ´Ã ½ µ ¼ ´½ · AEµ, where´Ã ½ µ ¼ is the nominal quadrupole strength and AE ¡ Ô Ô is the fractional momentum deviation. This reproduces the (second order) chromaticity of particle tunes and also accounts for optical mismatch (beta
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Proceedings of PAC07, Albuquerque, New Mexico, USA beating) in which secondary ions may aquire large amplitudes in the long straights and may actually be lost before reaching the arcs. For dipole fields it is necessary to account for both the different bending radius of the secondary ion, and its entry point to the dipole, which may be far off-center. Both these factors determine the effective length and hence the amount of bending experienced by each ion. For an ion which enters the dipole with coordinates´Ü Ü ¼ AE µ we define a new off-center off-momentum reference orbit with entry coordinates as follows:
where ¼ is the nominal (on-momentum) bending angle of the dipole, and is the off-momentum bending angle given by The path length along the new reference orbit is Ä and the parameters´Ä µ are used to compute a new transfer matrix along this reference orbit. The overall transfer map: translation-matrix-translation is thus customized to each particle and has been found to agree well with 8th-order COSY maps for the dipole in question.
SECONDARY ION DATA: FROM ACCSIM TO FLUKA
The design criteria of the Decay Ring superconducting dipoles [7] are strongly co-dependent with the loss pattern of secondary ions in the arcs. This loss pattern can be expressed as a series of Monte Carlo events by Accsim, where events arise from sampling of primary ions from phase space distributions, tracking of primary ions through the lattice, sampling of particle lifetimes and localization of decays, and tracking of secondary ions until they exceed the defined apertures of the ring elements.
In the present study we have used Accsim in this way as an event generator for the code FLUKA [8, 9] which has been extensively used in simulations of particle losses, energy deposition and heat load in the superconducting LHC dipoles [10] . For energy deposition studies we have defined a reference lattice cell: a cell in an arc of the Decay Ring which is representative of the repetitive loss pattern in the arc. This cell corresponds to a sequence of elements in Accsim which are tagged as "elements of interest" for the accumulation of secondary ion events. During Accsim tracking, events are recorded for FLUKA input according to two criteria: (1) A secondary ion (from a decay upstream) has arrived at the first element in the cell and is within the aperture of the element; (2) A primary ion decays in one of the elements of the cell. In both cases, Accsim records the event data as follows:¯T urn number, element number, particle number Event type (secondary ion or decay of primary) Longitudinal position (× coordinate) of event Transverse coordinates Ü,Ü ¼ ,Ý,Ý
1
Ion energy deviation ¡Ì and reference energy Ì Ö .
HEAT DEPOSITION IN AN ARC CELL
The events generated by Accsim are first processed by a Mathematica script which separates events by type to check the impact of particles decaying in the cell and of decayed particles tracked around the machine, escaping the absorbers. The event coordinates are transformed into the cartesian system of FLUKA. The FLUKA model consists of volumes representing the 2 m long quadrupole, the almost 6 m long dipole magnets, and optionally the post-dipole absorbers (see Figure 1) . For the moment no vacuum pipes are simulated. The geometry can be realised in FLUKA by individual volumes placed in the cartesian system, or by replicas of prototype volumes, that at run time are rototranslated over the prototype of the element. The latter method is preferable for energy deposition binning since the prototype is positioned in a way convenient for the postprocessing and the visualization by having the binning axes aligned to the element axes. Both models have been used and compared. The model using prototypes is also a convenient object orientated approach to enhance the magnet models later, by adapting only one prototype object.
The representative arc cell, extended with one quadrupole at the end to check the repeatability, is comprised of simplified superconducting magnet models based on preliminary magnet design studies [7] . It is important to define the volumes as well as possible, in particular around the magnet coils. We look for peak energy deposition in the coils, to evaluate the risk for quenching, and we want an overall estimation of the total power deposited in the magnet. For this estimation we use concentric cylinders corresponding to the coil and the yoke, of length corresponding to the magnetic length of the magnets. The magnetic fields [6] in the dipole and The FLUKA results (Figures 2 and 3) show that the heating from He decay in the dipole is 8 W distributed mainly over the latter 3 m, and the Ne decay shows approximately twice this rate. These results are within the design limit of 10 W/m longitudinally, however we observe that the peak heat deposition in the coils is concentrated in the midplane over a small region (see Figure 4 ) and thus the volume rate of heating for Ne is 12 mW/cm ¿ which exceeds the operational limits posed by the heat transport capacity in the magnet (4.3mW/cm ¿ used for the LHC magnets).
In this simulation we have used iron absorbers of 3.5 cm aperture after each dipole to concentrate losses away from downstream magnets [6] . From the point of view of the impedance budget, the irregular diameter of the metallic surface that would be seen by the beam must be smoothed by a liner inside the dipole beam pipe with an opening for the horizontally escaping decay products [7] , or by a beam pipe inside the absorbers, transparent to the decay. 
CONCLUSIONS
We have established a working protocol incorporating a large-scale accelerator tracking simulation with an ad- Overview of the dipole energy deposition, all projected over the magnet axis. vanced simulation of particles in matter in a full 3D geometry. The initial results for He show that the overall heat deposited in the magnets is not exceeding 10 W/m, but the local heat deposited in the second dipole is exceeding the limit accepted. For Ne the more gentle secondary ion curvature leads to greater losses in the dipole regions adjacent to the absorbers and approximately doubles the local heat deposition. Optimisation of the absorbers or a different magnet design seems necessary.
